Figure 1. Transcriptional Activation in E. coli
(A) A typical 70 -dependent promoter is shown consisting of a Ϫ10 and a Ϫ35 hexamer, both of which are directly contacted by in the holoenzyme (subunit composition ␣ 2␤␤Ј 70 ). (Note that the preassembled holoenzyme is the DNA-binding species and the ␣,␤,␤', and subunits are all that are required for efficient and accurate transcription.) In addition, certain particularly strong promoters comprise a third motif known as the UP element, which is located immediately upstream of the Ϫ35 region and is bound by the ␣-CTD (Ross et al., 1993) . (B-F) Transcriptional activation by DNAbound regulators (see text for details).
which stimulates transcription of its own gene from prolimited by promoter occupancy. This leaves open the question of how any particular activator might work at moter PRM when bound at a site centered 42 bp upstream of the transcription start point. This activation apparently a promoter from this class, but suggests a plausible general mechanism; activation may be achieved by independs on a specific, genetically defined interaction between cI and the domain of that binds the promoter creasing the probability that a transcriptionally active complex will be formed before RNAP has a chance to Ϫ35 region, and molecular modeling suggests that the cI activating region is closely juxtaposed to this domain dissociate from the promoter. In contrast, the glnA promoter (pglnA) in Salmonella of (see Busby and Ebright, 1994 , and references therein). Nevertheless, kinetic studies have indicated is an example of an activatable promoter whose activity is not limited by promoter occupancy (North and Kustu, that cI has no effect on the stabilization of the closed complex at PRM, but rather increases the rate at which 1997 tracks along the DNA toward the promoter by onedimensional diffusion and activates transcription of the CRP and RNAP at plac). This cooperative binding is not detected with mutant forms of the activators that are phage's late genes by E. coli RNAP core in complex with the phage-encoded late-gene specific factor, Gp55 specifically defective for transcriptional activation. Second, a recent study with a mutant form of has revealed ( Figure 1D ). The sliding clamp activator affects late gene transcription through specific interactions with both that cI can stimulate transcription from P RM by stabilizing the closed complex (Li et al., 1997) . This activation Gp55 and a phage-encoded coactivator, Gp33, and these two interactions contribute synergistically to the depends on the same essential residue on cI as is required for activation with wild-type RNAP. The simactivation of transcription. The observation that the phage-encoded sigma factor can cotrack along the DNA plest view consistent with these findings is that, depending on the molecular details of the interacting surwith the sliding clamp suggests that the Gp45-Gp55 complex may function in part by capturing RNAP core faces, cI interacts favorably with either during the isomerization step, or initially when the closed complex and delivering it to the promoter, thus increasing the rate of promoter binding. The sliding clamp, which is is formed, in both cases stabilizing interaction of RNAP with the promoter. An attractive possibility, based on a component of stable open transcription complexes, might also stabilize these complexes on the DNA. Also, the proximity of the activating region of cI to the promoter Ϫ35 region recognition motif of , is that cI the clamp might facilitate promoter melting, perhaps stabilizing a relevant transition state through its contacts stabilizes the association of this domain of with the Ϫ35 region. The available evidence does not however with Gp55 and Gp33 (Sanders et al., 1997, and references therein). exclude more complex mechanisms involving, for example, the induction of an activator-specific confor-A recent study has demonstrated that a phage-encoded transcriptional activator works without binding to DNA mational change in that facilitates the isomerization reaction, or even a repulsive interaction that drives isom- (Miller et al., 1997) . The bacteriophage N4 single-stranded DNA binding protein (N4 SSB) specifically activates tranerization.
The activities of plac and PRM, and presumably many scription of the phage's late genes by E. coli RNAP holoenzyme (containing 70 ), in this role binding neither regulated promoters in E. coli, are limited, at least in part, by promoter occupancy (see Ptashne and Gann, single-stranded nor double-stranded DNA. This activation is mediated through a specific contact with the ␤Ј 1997). Thus, in vivo evidence indicates that both plac and PRM can be activated by contacts between DNAsubunit of RNAP and has been proposed to involve a postrecruitment step in the initiation process (Miller et bound proteins and protein domains fused to RNAP. Furthermore, in vitro, transcription from such promoters al., 1997). It should be noted, however, that activators that contact RNAP but are not associated with the DNA can be stimulated by the use of high concentrations of RNAP (i.e., concentrations higher than those required cannot always be presumed to act on preformed complexes; they could, in principle, enhance the binding of in the presence of activator). These two properties can be used as criteria to classify promoters that are similarly RNAP to particular promoters. (Murakami et al., 1997) , thus minimizing geometric constraints. Secondly, since the ␣-CTD has the potential to Transcription can be activated by several DNA-bound bind the DNA (see Busby and Ebright, 1994 ; Gaal et al., regulators each of which interacts directly with RNAP 1996), a relatively weak protein-protein interaction can (see Busby and Ebright, 1994) . In principle, two or more mediate a significant amount of stimulation through the DNA-bound regulators can affect different kinetic steps stabilization of suboptimal contacts between the ␣-CTD or act simultaneously at a single step. Recent studies and the DNA. Accordingly, the energetic requirements of CRP (Niu et al., 1996; Rhodius et al., 1997) and the for a DNA-bound activator that contacts the ␣-CTD bacteriophage Mu Mor protein (Artsimovitch et al., 1996) would be expected to be smaller than for an artificial have revealed that a single DNA-bound activator can activator that contacts an ␣-chimera bearing a protein also interact with two different targets on RNAP. The domain with no determinants for DNA binding. Finally, analysis of CRP has further shown that the two interacthe ␣ subunit is present in two copies, and the two tions affect separate kinetic steps (Niu et al., 1996) . Al-␣-CTDs can bind to the DNA independently of one anthough genetic analysis performed with plac initially led other (Murakami et al., 1997) , thus providing two indeto the identification of a single activating region on CRP pendent potential regulatory targets. (now called AR1), subsequent studies performed with
Activators that Contact Multiple Targets
The subunit, which makes direct contacts with both a different promoter resulted in the identification of a the Ϫ10 and Ϫ35 regions of the promoter, is evidently second activating region (called AR2). The location of also accessible to activators bound upstream of the prothe CRP-binding site(s) varies from one CRP-regulated moter, in this case in the immediate vicinity of the Ϫ35 promoter to another and the promoters have been clasregion. Presumably, this arrangement positions the actisified accordingly. At class I promoters (such as plac), vator so that it can, in principle, stabilize the binding of the CRP-binding site is centered at least 61.5 bp upthe relevant domain of to the Ϫ35 region, which would stream of the transcription start point, whereas at class again permit a relatively weak protein-protein inter-II promoters a single CRP-binding site is centered at action to mediate a significant amount of stimulation position Ϫ41.5, overlapping the Ϫ35 region. When through the stabilization of suboptimal contacts bebound at a class II promoter, CRP utilizes both AR1 and tween an RNAP subdomain and the DNA. AR2 to contact the ␣-CTD and the ␣-NTD, respectively Thus, it is likely that both the ␣-CTD and the subunit ( Figure 1E ), thereby stimulating both closed complex are preferred targets for DNA-bound activators partly formation (with AR1) and the rate of open complex forbecause relatively weak protein-protein interactions mation (with AR2). Thus, the mechanism of activation can be used to stimulate transcription, a strategy that by CRP, and presumably other activators, depends on ensures that a given activator interact with its target the architecture of the target promoter and, in principle, only when that activator is appropriately positioned on also on the step or steps that are rate-limiting for that the DNA in the vicinity of the promoter to be regulated. promoter. In fact, not all class II promoters are equally
In particular, such an activator, when present at phydependent on AR1 of CRP for transcriptional activation, siological concentrations, would not bind to RNAP in and these differences were found to depend on the solution, and would not therefore compete with other sequence of the Ϫ35 region (Rhodius et al., 1997) , sug-DNA-bound activators for access to the relevant target gesting that they reflect differences in the kinetic paramsurface on RNAP (a phenomenon that has been called eters of the promoters.
squelching [see Ptashne and Gann, 1997] ). An artificial activator has also been described that Activation and Repression through the can make two contacts with RNAP. In this example, the Same Protein-Protein Interaction cI protein uses its natural activating region to contact An increasing body of evidence suggests that proteinthe subunit of RNAP and an artificial activating region protein contact between a DNA-bound regulator and (within domain Y) to contact an ␣ chimera (see above)
RNAP can repress as well as activate transcription (see, (Figure 1F ), and the effect of the two contacts on tranfor example, Choy et al., 1995) . Recent studies of the scription is synergistic (Dove et al., 1997) . This artificial bacteriophage φ29 p4 protein provide a particularly form of activation has not yet been examined kinetically, striking example. In this case, precisely the same probut it is likely that the engineered contact stabilizes the tein-protein contact between the regulator and RNAP closed complex, whereas the natural contact presumcan lead either to repression or to activation depending ably accelerates the rate of open complex formation on the characteristics of the target promoter (Monsalve (see above).
et al., 1997). When activating transcription, protein p4 Preferred Activation Targets binds upstream of the A3 promoter and interacts with Although the ␣, , ␤Ј, and ␤ subunits of RNAP have all the ␣-CTD, thereby stabilizing the closed complex. Surbeen implicated as natural activation targets (Busby and prisingly, protein p4 also interacts specifically with the Ebright, 1994; Lee and Hoover, 1995; Miller et al., 1997) , ␣-CTD to repress transcription from the A2c promoter, a survey of natural activators suggests that the ␣-CTD and this interaction depends on the same residues of and the subunit, are preferred targets. Why might p4 (located near its C terminus) as are required for actithis be? Firstly, the ␣-CTD is particularly accessible to vation. However, in this case, although the formation of activators bound at a variety of positions upstream of open complexes is not inhibited, the interaction impedes the promoter. It is flexibly tethered to the ␣-NTD, and promoter clearance, i.e., results in a reduction in the hence to the body of RNAP, and is known to be able to number of full-length transcripts that are generated. contact the DNA over a range of positions extending What then accounts for the repressive effect of this from just upstream of the promoter Ϫ35 region to as far interaction at the A2c promoter and the stimulatory effect of the same interaction at the A3 promoter? Recent as 90-100 bp upstream of the transcription start point
